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ARTICLE INFO ABSTRACT

Keywords: Reliable detection of formaldehyde in gas phase still remains a challenge regarding either sensitivity or selec-
Fluorescence sensor tivity or both. In this study we report on a simple, unique sensor composite, which enables efficient detection of
Formaldehyde gaseous formaldehyde with both low limit of detection (LOD) and extremely high selectivity. The primary
Hydroxylamine

components of the sensor composite include a hydroxylamine sulfuric acid salt ((NH2OH)2-H3SO4) and a fluo-
rescence turn-on probe, which both are coated within the porous matrix of a cellulose plate. The fluorescence
probe is based on a perylene diimide (PDI) molecule modified with an aniline group, which is non-fluorescent in
its pristine state due to the photoinduced intramolecular electron transfer. Upon interaction with formaldehyde,
the hydroxylamine salt will be converted to the corresponding Schiff base through aldimine condensation,
releasing the sulfuric acid. The acid released will protonate the aniline group on PDI, resulting in a quick
fluorescence turn-on. By measuring the fluorescence increase we can detect formaldehyde both quantitatively
and specifically. Under the optimized condition, the sensor demonstrated a LOD of 3.7 ppb, which is much lower
than the air quality threshold set by WHO. The sensor was also proven highly selective towards formaldehyde,
with negligible response towards other common chemicals. The work reported will not only provide a new sensor
for formaldehyde, but moreover open a unique design pathway for sensor composite that combines reactive
components with various fluorescence indicators so as to enable highly efficient detection of many other air
pollutants and toxic chemicals.

Aldimine condensation
Perylene diimide

1. Introduction expensive, and require sophisticated operation training, and tedious

sampling and processing protocols [6]. These technical drawbacks can

Formaldehyde, a common airborne environmental pollutant [1,2],
can cause various adverse health effects, such as skin irritation, asthma,
cancer, etc. [3] A lot of household materials contain formaldehyde
within the adhesives that are used to bind veneers, particle board, and
pressed wood products. The World Health Organization (WHO) has
guideline determining that a maximum permissible indoor formalde-
hyde concentration must not exceed 80 ppb over 30 min [4]. Various
methods have been developed for gaseous phase detection of formal-
dehyde, including those based on chromatography [5], IR and cavity
ring-down spectroscopy [6], surface acoustic wave [7], electrochemistry
[8,9], and among others. However, many of the methods (particularly
those involving bench-top instrumentations) are bulky and/or
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potentially be addressed by employing chemical sensors such as those
based on colorimetric [10,11], fluorometric [12-14] and chemiresistive
[15-17] sensing modes. As evidenced from numerous examples, the
chemical sensors often provide simple and quick detection of formal-
dehyde in gaseous phase. Moreover, many sensors can potentially be
developed as portable, handheld or even wearable devices taking ad-
vantages of the small and flexible form factor of the sensor materials.
Depending on the materials used the whole sensor system could also be
made in significantly low cost.

Among all the chemosensors developed thus far, fluorescence sensors
are superior in its simplicity, high sensitivity, low cost, adaptation to
automation and real-time analysis, as well as diverse signal output
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modes [18]. Particularly in comparison to the colorimetric sensors, for
which the sensitivity is primarily relied on measurement of light ab-
sorption, the fluorescence measurement generally provides significantly
higher sensitivity. Moreover, fluorescence sensors provide wide range of
options for molecular design and structural engineering to improve the
detection selectivity [12,19]. This is in contrast to the chemiresistive
sensors, for which the detection is mostly based on metal oxide semi-
conductors as sensor materials, and improvement of selectivity is
generally limited by the minimal option of surface modification of metal
oxides. Indeed, metal oxide sensors often demonstrate serious compet-
itive response from the environment interferents such as moisture al-
cohols and other common chemicals. While many nanostructures and
composite materials (e.g., those based on metal-organic frameworks,
namely MOFs) have been explored in order to improve the selectivity of
chemiresistive sensors, the detection sensitivity for gaseous formalde-
hyde still remains low, in the range of ppm [17]. Clearly, there exists
large potential for fluorescence sensors to be improved to reach both
high sensitivity and selectivity.

Many types of fluorescence sensors (or more generally, fluorescence
probes, covering both the reversible and irreversible sensing responses),
such as those based on small organic molecules [20-22],
organic-inorganic hybrid materials [23], MOFs [24,25], have been
developed for detection of formaldehyde. The sensing mechanisms are
generally relied on the aza-Cope reaction or the condensation of amine
with the carbonyl group of formaldehyde. However, most of the sensor
or probe systems reported are for liquid phase detection (see summary in
Table S1, S2). The challenge of adapting the detection system from
liquid to gas phase lies in maintaining the sensor reactivity at the
gas-solid interface, for which the same molecular reaction (e.g.,
aza-Cope reaction) may become significantly slow and less efficient in
gas phase compared to liquid phase. Indeed, most of the fluorescence
sensors based on aza-Cope reaction take extended time (over one hour)
to reach sufficiently low limit of detection (LOD) in ppb range when
employed for gas phase detection of formaldehyde [12,26-29]. There-
fore, it remains highly imperative to develop a novel sensor composite
material that can not only afford the intrinsic specificity, but also high
efficiency for the sensing reaction at the gas-solid interface.

Ideally, molecular dispersion of the fluorescence sensors or probes on
the solid surface is deemed critical for maximizing the reactivity with
the gaseous analytes, and thus the detection sensitivity. Moreover, in
order to reach low LOD the solid substrate used for supporting the flu-
orophores must be in porous structure with large open surface area in
order to afford maximal absorption of gas species. Especially for the
gaseous analytes in very trace level that is undetectable by normal
chemical sensors, such porous substrate may help pre-concentrate the
species in the matrix (depending on the exposure time) so as to reach the
detectable level for the fluorescence sensors deposited therein. To the
regard of practical application, a sensor based on solid state materials is
usually conducive to fabrication as a portable or even wearable device
that is easy to be used by itself or integrated into the current air moni-
toring system for quick detection of airborne pollutants [12-16,18].

The concept of combining chemical sensing with pre-concentration
in a single material system as mentioned above has recently been
proven with a paper-based colorimetric sensor for formaldehyde
recently developed from our lab [30]. The sensing mechanism is based
on the specific aldimine condensation reaction between amine and
formaldehyde forming the corresponding Schiff base. The amine used is
hydroxylamine in the format of sulfuric acid salt, for which the pro-
tonated amine provides much faster reaction with aldehyde than the free
base amine. As a result of the condensation reaction, sulfuric acids
(protons) are released and this can be easily detected with pH indicators
as revealed by the color change. By incorporating the hydroxylamine
salt and pH indicators into the matrix of paper towel (a low cost sub-
strate possessing open porosity), an effective sensor was developed for
gaseous detection of formaldehyde. To further improve the detection
sensitivity, glycerin was also used as an additive to enhance the
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hydrophilicity of the coating, which in turn facilitates the surface
adsorption of formaldehyde that is highly hydrophilic. Taking all these
features, the paper-based sensor was proven capable of detecting
formaldehyde in gas phase with LOD of 10 ppb under an exposure time
of 10 min.

Inspired by the initial success with colorimetric sensor, we aim
herein to further improve the sensor performance regarding sensitivity
by adapting the sensing mode from colorimetric to fluorescent response.
In general, fluorescence measurement is significantly more sensitive
than the color or absorption measurement. As illustrated in Scheme 1,
the fluorescent sensor replies on a perylene diimide (PDI) fluorophore
modified with an aniline group, which is non-fluorescent in the free base
state due to the intramolecular photoinduced electron transfer (PET)
from the amine moiety to PDI backbone, but becomes strongly fluores-
cent when the amine gets protonated as the protonation lowers the
energy level of amine, thus blocking the PET process [31]. Such a
fluorescence turn-on response can be used to signal the presence of
acids, which in turn is produced from the aldimine condensation reac-
tion between hydroxylamine sulfuric acid salt and formaldehyde as
evidenced in the colorimetric sensor [30]. By blending the PDI fluo-
rophore with hydroxylamine sulfuric acid salt it is expected to produce a
unique sensor composite that can potentially detect formaldehyde with
both high specificity and sensitivity, as enabled by the specific aldimine
condensation reaction and fluorescence turn-on sensing, respectively.
To assure homogeneous molecular dispersion of the fluorophore, a cel-
lulose acetate plate is used as supporting matrix for the sensor com-
posite. The highly porous structure of cellulose material is not only
conducive to the dispersion of sensor molecules, but also helps facilitate
the diffusion and adsorption of gas analyte. Moreover, the mechanical
rigidity of the plate allows for repeatable fluorescence measurement.
Combination of these features makes the supported sensor composite
shown in Scheme 1 an ideal platform for effective detection of formal-
dehyde in gas phase.

2. Experimental section
2.1. Reagents and material

All commercially obtained solvents and reagents are of analytical
grade or above, and used without further purification. The aniline
modified PDI fluorophore was synthesized following the protocol pre-
viously developed from our and others’ labs [31-33]. Ultrapure deion-
ized water (18 MW) was produced by an ultrapure water treatment
system (EPED-S2-90DF, Nanjing EPED Technology Ltd.). Porous cellu-
lose acetate plates were purchased from Dongguan Chengyao Technol-
ogy Ltd.

2.2. Preparation of sensor plates

A porous cellulose acetate plate (Diameter: 8 mm, thickness: 3 mm)
was immersed in a 1 mL solution of PDI in DMF for 5 min, for which
varying concentrations of PDI were used for comparative experiments in
order to find the optimal amount of PDI to be coated that can afford the
maximal fluorescence turn-on response. The impregnated plate was then
dried under vacuum at 35 °C for 10 min, followed by 1 min immersion
in a 0.5 mL water solution containing 0.05 g (0.61 M) hydroxylamine
sulfuric salt (NH20H)»-H2S04) or 0.02 g (0.59 M) hydroxylamine hy-
drochloride salt (NH,OH-HCl) and appropriate amount of glycerin. After
the immersion, the plate was died under vacuum at 25 °C for 8 min, and
the plate thus obtained was ready for the sensor testing upon exposure to
gaseous formaldehyde. The hydroxylamine salt was coated to the
maximal extent of adsorption capacity of the plate, aiming to assure
maximal reaction efficiency with formaldehyde, especially at low con-
centrations. Certain amount of glycerin was also used as part of the
sensor composite in order to enhance the hydrophilicity and thus the
absorption affinity towards formaldehyde. The concentration of glycerin
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Scheme 1. Schematic illustration of the PDI-based fluorescence turn-on sensor for gaseous detection of formaldehyde based on the specific aldimine condensation
reaction between hydroxylamine sulfuric salt and formaldehyde, which in turn releases stoichiometric amount of acids that can turn on the fluorescence of PDI
through protonation of the aniline group as shown in the right panel. All the sensor components are impregnated in a porous cellulose acetate plate affording efficient
diffusion and adsorption of gas analytes. HOMO: highest occupied molecular orbital; LUMO: lowest unoccupied molecular orbital.

used in the immersion solution was varied (at 0 %, 5 % and 10 % volume
ratio), and the effect on the sensing response in terms of the fluorescence
increase was investigated. The comparative results would help deter-
mine the optimal condition for the coating of glycerin as described
below.

2.3. Generation of gaseous formaldehyde and testing for the sensor plate

Gaseous formaldehyde was generated from a homemade environ-
mental chamber as shown in Fig. S1, which can produce formaldehyde
in varying concentrations under precisely controlled temperature and
humidity. Details of the chamber can be found in the Supporting In-
formation. The gaseous concentration of formaldehyde generated was
calibrated by a PPM-400ST formaldehyde Meter (PPM Technology Ltd.,
England). The exposure to formaldehyde was realized by flowing the air
containing formaldehyde over the senor plate enclosed in a glass tube
connected in the flow cycling loop, which helps maintain constant
concentration of formaldehyde, as well as the humidity. All tests were
performed at 28 °C and 45 % RH. The fluorescence spectra or intensity
of the sensor plate were measured in situ during the test using an Ocean
Optics USB 2000 spectrometer (Ocean Insight, USA) equipped with a
fluorescence optical fiber probe (FPB-405-1.5-SS, Shanghai Oceanhood
Opto-electronics Technology Co., China), which allows for both excita-
tion and emission collection at high efficiency. For each series of testing,
the fluorescence measurement was performed at the same point and
angle on the sensor plate to minimize the measurement fluctuation. The
wavelength of the excitation light used was 405 nm.

3. Results and discussion
3.1. Verification of the fluorescence turn-on sensing mechanism

As illustrated in Scheme 1, the working mechanism of the senor relies
on two subsequent reactions, aldimine condensation between hydrox-
ylamine salt and formaldehyde producing an acid, followed by proton-
ation of the aniline group of PDI by the acid, thus turning on the
fluorescence of PDI. Yet there exists another possibility that the primary
amine moiety of aniline may react directly with formaldehyde following
the same type of aldimine condensation forming the Schiff base. Such a
direct reaction can also significantly lower the energy level of the aniline
group, resulting in fluorescence turn-on of PDI [31]. However, the
condensation reaction between aniline and formaldehyde was proven to
be a very slow process, and no fluorescence increase could even be
observed within the testing period as evidenced in Fig. S2. First of all, no
fluorescence was measured for a 20 uM solution of the PDI in DMF,
which is consistent with the complete quenching mediated by the
photoinduced intramolecular electron transfer as illustrated in Scheme
1. Upon mixing with excessive formaldehyde (10 mM), there was still no
fluorescence measurable even after 40 min of mixing. The slow reaction
observed for aniline is a common phenomenon for aldimine

condensation process, for which the reaction can normally be facilitated
by acid catalysis. In comparison, the condensation reaction of hydrox-
ylamine (especially in the format of acidic salt) with formaldehyde is
significantly faster, thereby becoming kinetically competitive over ani-
line for reacting with formaldehyde.

As shown in Fig. 1, a sensor plate fabricated with PDI and hydrox-
ylamine sulfuric salt ((NH20H)2-H2SO4) demonstrated sensitive fluo-
rescence response towards gaseous formaldehyde by ca. 27 times
increase in fluorescence intensity upon exposure to 9 ppm of formal-
dehyde for 20 min. Before exposed to formaldehyde there was some
slight level of fluorescence measured, which was likely due to the partial
protonation of the aniline group by the sulfuric acid bound to hydrox-
ylamine. The pKa of hydroxylamine, 6.0, is larger than that of aniline,
4.6, meaning that the acidic salt of the former would be much more
stable than the latter. When aniline is mixed with the acidic salt of hy-
droxylamine (e.g., (NH,OH),-H2SO4) reaching an equilibrium state, the
aniline group may get partially protonated upon interaction with the
acid, while the hydroxylamine salt would mostly remain as is. As the
protonation forms an ammonium salt that is relatively stable (non-vol-
atile), the sensor response is not reversable regarding the temporality
needed for onsite detection. But on the other hand, since the free amine
can be recovered by treating the ammonium salt with some strong base
like sodium hydroxide, the sensor material can still be considered
reversible. Nonetheless, in the real practice the whole sensor disk can be
simply used as a disposable part without bothering the recovery taking
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Fig. 1. Fluorescence spectra of the sensor plate measured before and after
exposed to 9 ppm gaseous formaldehyde for 20 min. The plate was fabricated
by subsequent impregnation in 1 mL of 100 uM solution of PDI in DMF and
0.5mL of aqueous solution containing 0.05g (NH,OH)»-H,SO4 and
0.025 mL glycerin.
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advantage of the low-cost.

In addition to the sulfuric salt, the hydrochloride salt of hydroxyl-
amine (NH;OH-HCI) was also examined following the same testing
protocol as shown in Fig. 1. Surprisingly, the sensor plate fabricated with
NH;0H-HCl did not demonstrate significant fluorescence turn-on
response towards formaldehyde as shown in Fig. S3, wherein the
sensor plate fabricated with (NH,OH),-H,SO4 demonstrated drastic in-
crease in fluorescence when tested under the same condition. The
different observation is likely due to the relatively high volatility of HCI,
which may quickly evaporate from the surface once produced from the
aldimine condensation, thus leaving no chance to react with aniline.
Especially, the sensor testing was performed under continuous air
flowing (Fig. S1), which would help facilitate the evaporation of HCl. To
this regard, in the following experiments we kept using
(NH,0H)5-HySO4 as the primary reactive component of the sensor
composite, taking advantage of its low volatility.

3.2. Optimization of sensor composition

As described above (Scheme 1), the sensor composite impregnated
within the cellulose plate contains two major reactive components, PDI
and (NH20H)2-H,SO4. While the hydroxylamine salt was coated to the
maximal loading capacity of the plate, the coating of PDI still has large
room to be adjusted and optimized. On one hand, less PDI coated would
help ensure molecular dispersion of the fluorophore on the surface, but
may result in low fluorescence intensity to be measured, which will
likely affect the signal-to-noise ratio of detection. Molecular dispersion
of PDI on the surface allows for maximal protonation by the acid pro-
duced in proximity, thus turning on the fluorescence. As the fluores-
cence response is dependent on the stoichiometric protonation process,
the molecular dispersion of fluorophores (in comparison to the aggre-
gation state) would enhance the sensing efficiency under the same
conditions. On the other hand, increasing the coating amount of PDI will
produce high fluorescence intensity and thus improve the measurement
accuracy, though after passing certain amount of coating, the surface
dispersion of PDI molecules may become saturated, leading to formation
of aggregates, which otherwise would result in quenching of the mo-
lecular fluorescence of PDI [34,35]. To address such a tradeoff, we
fabricated a series of sensor plates by immersion in varying concentra-
tions of PDI solutions (20, 50, 100, 200 uM) and tested the sensing
response under the same condition with results shown in Fig. S4 and S5.
Similar to what observed in Fig. 1, when exposed to 9 ppm of formal-
dehyde, all the four plates demonstrated fluorescence turn-on, and the
fluorescence intensity increased with the concentration of PDI solution
up to about 100 uM. Further increasing the concentration to 200 uM
results in a significant decrease in fluorescence intensity, even below the
level obtained for the solution of 50 uM. The significant decrease in
fluorescence overserved for the higher concentration coating is mostly
due to the aggregation induced quenching of PDI. To further understand
this, the fluorescence spectra obtained for the plates fabricated with 20
and 200 pM PDI solutions are normalized at the emission maximum
(corresponding to 0-0 transition) as shown in Fig. S4b. It is clear to see
that the emission at the longer wavelength (corresponding to 0-1 and
0-2 transition) gets relatively enhanced, which is indicative of the ag-
gregation state as previously overserved for other PDI molecules [36].
Consistent with the relatively enhanced emission at longer wavelength
from the aggregate of PDI (despite the overall low quantum yield), the
fluorescence image of the plate fabricated with 200 uM PDI solution
showed more of red color, which is characteristic of the emission of PDI
aggregates [32,33,36,37]. Taking all the observations into account, it
was determined that the concentration of 100 uM would be optimal for
the PDI solution to be used for coating the sensor plate. Under this
concentration, the plate fabricated would provide the maximal fluo-
rescence intensity, while maintaining mostly the molecular dispersion
state of the fluorophore. For the rest of experiments in this study, all the
sensor plates will be fabricated with 100 uM solution of PDI.

Sensors and Actuators: B. Chemical 375 (2023) 132861

The other additive of the sensor composite is glycerin, which helps
enhance the hydrophilicity and binding affinity towards formaldehyde.
However, too much glycerin added may diminish the porosity of the
plate, leading to a decrease in gas diffusion and adsorption within the
plate matrix. Therefore, it is essential to determine the optimal amount
of glycerin to be coated in terms of the sensor response. As shown in
Fig. S6, significant turn-on fluorescence was observed even when glyc-
erin was absent, indicating that glycerin is not an essential component as
directly involved in the sensor reactions. Nonetheless, when 5 % volume
concentration of glycerin was added in the impregnation solution, sig-
nificant enhancement of the fluorescence intensity was obtained under
the same testing condition. This is consistent with the hypothesis made
above that the presence of glycerin would enhance the binding inter-
action with formaldehyde. Further increasing the concentration of
glycerin up to 10 % vol resulted in a decrease in the fluorescence in-
tensity, implying that excess of glycerin would likely block the porous
structure of the plate, thus reducing the surface adsorption of formal-
dehyde. Consistently, the fluorescence images taken over the plates also
show the same comparative result, with the plate fabricated from 5 %
vol glycerin providing the brightest and most uniform emission. The
uniform emission indicates the homogeneous distribution of sensor
composites within the cellulose matrix of the plate. In this study, the
concentration of glycerin used for the impregnation of plate was kept at
5 % vol.

3.3. Kinetics of fluorescence sensing

With the sensor plate fabricated under the optimal conditions, we
aimed at investigating the fluorescence turn-on kinetics by measuring
the fluorescence spectra of plate at different time intervals after exposed
to formaldehyde. As shown in Fig. 2a, upon exposure to 850 ppb
formaldehyde the fluorescence gradually increased with time. By plot-
ting the intensity measured at 550 nm as a function of the exposure time
(Fig. 2b), one can clearly see that the fluorescence intensity increases
quickly at the beginning, then slows down gradually, and eventually
gets saturated after about 20 min of exposure under the testing condi-
tion. The data shown in Fig. 2b can be fitted well with the first order
reaction kinetics, for which the only reactant with concentration varying
is the PDI fluorophore. Details of the kinetics analysis can be found in the
Supporting Information. The same first order kinetics has also been
observed for other fluorescence turn-on and colorimetric sensors [38,
39]. From the kinetics fitting, we can estimate the sensor response time
to be ca. 1.9 s by assuming the lowest detectable signal (here the fluo-
rescence increase) to be three times of the standard derivation of mea-
surement. Quick response in seconds is critical for a chemical sensor to
be used in realtime detection of air pollutants like formaldehyde [12,40,
41].

Despite the quick sensing response, the sensor plate still took as long
as 20 min to get saturated in terms of the increase in fluorescence, which
was mainly a result of the slow diffusion of formaldehyde into the porous
structure of cellulose plate. In this study the exposure to formaldehyde
was carried out by flowing the gas sample parallel over the surface of
sensor plate. Under this condition, the capture and adsorption of form-
aldehyde are mainly through the natural diffusion. In comparison, if the
gas sample were introduced by enforced flow perpendicular through the
sensor plate, the time needed to reach the saturation state would be
much reduced. Indeed, as observed in our pervious study on the color-
imetric sensor for gaseous formaldehyde based on the same hydroxyl-
amine sulfuric salt [30], the time needed to reach the color saturation
was only about 5 min when the gas sample was introduced by passing
right through the sensor substrate (a paper strip). Nonetheless, the cel-
lulose plate used in this study was too thick (3 mm) to allow gas to flow
through. In future we may consider fabricating thinner plate or disk that
still remain the same level porosity and surface area as the current cel-
lulose plate so as to enable direct gas flowing through, thus speeding up
the diffusion to reach the saturation (equilibrium) state.
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Fig. 2. (a) Fluorescence spectra of the sensor plate recorded at various time intervals after exposure to 850 ppb formaldehyde. (b) The increase in fluorescence

intensity (AI) measured at 550 nm as a function of the exposure time.

3.4. Limit of detection and sensing selectivity

To explore the limit of detection (LOD), the sensor plate was exam-
ined by exposure to various concentration of formaldehyde (0 —900
ppb) for 20 min. For each concentration, the increase in fluorescence
intensity at 550 nm was measured, and plotted as a function of the
concentration. Assuming that a quasi-equilibrium was reached within
20 min of exposure (as implied from the result shown in Fig. 2), the data
shown in Fig. 3 should follow the Langmuir adsorption model (See the
Supporting Information). After fitting the data with the Langmuir
equation, the LOD of this sensor plate was projected to be 3.7 ppb by
defining an intensity increase of 3 times the standard deviation of
measurement as the detectable signal. It is worth to note that the LOD
obtained is more than twenty times lower than the air quality threshold
(80 ppb) set for formaldehyde by the WHO.

In addition to the high sensitivity, the sensor plate also demonstrated
excellent selectivity towards formaldehyde against other common gases
and chemicals as shown in Fig. 4. While significant fluoresce increase
was obtained upon exposure to 9 ppm formaldehyde, almost no
response was observed for all the ten references tested under the same
condition despite that the concentrations of the references were
10-70 times higher than that of formaldehyde. Such a drastic difference
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Fig. 3. Increase in fluorescence intensity (AI) as a function of the concentration
of formaldehyde, for which the data points are fitted following the Langmuir
adsorption model (see the Supporting Information).

12000 -
1 HCHO (9 ppm)

2 Methanol (200 ppm)
3 NO, (300 ppm)

4 Ethanol (670 ppm)
5 THF (600 ppm)

6 Hexane (150 ppm)
7 NH; (400 ppm)

8 Toluene (100 ppm)
9 CO; (300 ppm)
10Butanol (400 ppm)

©

o

o

o
1

Al@ 550 nm ( I-,) (a.u.)
w [}
o o
o o
(@] (@]

0 JR— —

1 2 3 4 5 6 7 8 9 10

Fig. 4. Increase in fluorescence intensity (AI) as tested for the sensor plate
upon exposure to 9 ppm formaldehyde, in comparison to other common gases
and chemicals under much higher concentrations.

in response provides the sensor with sufficient selectivity towards
formaldehyde. The excellent selectivity thus obtained is apparently due
to the specific aldimine condensation reaction between hydroxylamine
and formaldehyde as discussed above. Especially for the two acidic gases
tested, NOy and CO2, which may form the corresponding acids (nitric
and carbonic acid, respectively) upon reaction with water under certain
level of humidity (e.g., 45 % RH in this study), there was no fluorescence
response observed, although there exists the possibility that the formed
acid may turn on the fluorescence by direct protonation of the aniline
group of the fluorophore. Such a drastic observation is likely due to the
high volatility of the nitric and carbonic acids, which may escape
quickly from the surface once formed, similar to the case observed above
for HCI (Fig. S3). Moreover, the carbonic acid is too weak (with pKa of
6.4) to protonate the aniline group (pKa 3.45) [31] on the PDI fluo-
rophore. For the same reason, acetic acid, another common acid that
may exist in the environment, is also a weak acid (pKa 4.8), and can
hardly cause significant protonation of the aniline group. The weak
acidity, together with the high volatility of acetic acid, would mitigate
its potential influence on the sensor response. Clearly, the main reason
why the sulfuric salt of hydroxylamine works effectively for the sensor
composite lies in the low volatility of sulfuric acid, which also helps
mitigate the potential interference from other volatile acids that may be
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present in gas phase.
4. Conclusions

We have developed a simple, but efficient fluorescence turn-on
sensor for highly selective detection of formaldehyde in gas phase.
The sensing mechanism is based on the specific aldimine condensation
reaction between formaldehyde and hydroxylamine sulfuric salt, which
in turn releases the acid. The released acid then protonates the aniline
group modified on a PDI molecule, and turns on the characteristic
fluorescence of PDI. All the sensor components are incorporated in the
porous matrix of a cellulose plate, which provides large open surface for
capture and adsorption of gas analytes. Quantitative detection of
formaldehyde can be realized simply by measuring the increase in
fluorescence intensity of PDI. The sensing response towards formalde-
hyde was found in the time range of secs. Fast response paves the way for
a sensor to be applied in realtime detection, especially in the scenarios
like monitoring of air pollution or public safety. The LOD of the sensor is
projected as 3.7 ppb, which is significantly lower than the safety
threshold of formaldehyde (80 ppb) set by the WHO, meaning that the
sensor developed will be capable of reliable monitoring of airborne
formaldehyde. More strikingly, the sensor demonstrated highly specific
response towards formaldehyde with almost no interference from other
common gases or chemicals (e.g., organic solvents). Combination of the
high sensitivity and selectivity provides the sensor great potential for
future application, not only in air quality monitoring, but also in many
other areas such as medical diagnostics where formaldehyde may be
produced as a biomarker. The main innovation of this work derives from
the integration of the reaction specificity of aldimine condensation re-
action, the high sensitivity of fluorescence response, and the porous
structure of cellulose matrix, so as to enable high sensor performance as
expected. The design and optimization strategy developed for the sensor
composite is extensible to other materials and fluorophores to enable
detection of broad range of other air pollutants or chemicals of interest.
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